To better understand DNA recognition and transcription activity by SATB1, the T-lineage-enriched chromatin organizer and transcription factor, we have determined its optimal DNA-binding sequence by random oligonucleotide selection. The consensus SATB1-binding sequence (CSBS) comprises a palindromic sequence in which two identical AT-rich half-sites are arranged as inverted repeats flanking a central cytosine or guanine. Strikingly, the CSBS half-site is identical to the conserved element 'TAATA' bound by the known homeodomains (HDs). Furthermore, we show that the high-affinity binding of SATB1 to DNA is dimerization-dependent and the HD also binds in similar fashion. Binding studies using HD-lacking SATB1 and binding target with increased spacer between the two half-sites led us to propose a model for SATB1-DNA complex in which the HDs bind in an antiparallel fashion to the palindromic consensus element via minor groove, bridged by the PDZ-like dimerization domain. CSBS-driven in vivo reporter analysis indicated that SATB1 acts as a repressor upon binding to the CSBS and most of its derivatives and the extent of repression is proportional to SATB1's binding affinity to these sequences. These studies provide mechanistic insights into the mode of DNA binding and its effect on the regulation of transcription by SATB1.
INTRODUCTION
Special AT-rich sequence-binding protein 1 (SATB1) participates in the maintenance of chromatin architecture by organizing it into distinct loops via periodic tethering of matrix attachment regions (MARs) to the nuclear matrix (1) (2) (3) (4) . In thymocyte nuclei, SATB1 forms a characteristic 'cage-like' network that presumably demarcates heterochromatin from euchromatin (2) . Furthermore, SATB1 acts as a 'docking site' for several chromatin modifiers including ACF, ISWI and HDAC1 (5, 6 ) and these chromatin modifiers were suggested to affect gene expression through histone modifications and nucleosome remodeling at SATB1-bound MARs (5, 2) . SATB1 also regulates gene expression by recruiting corepressors (HDACs) and coactivators (HATs) directly to promoters (6, 7) . Post-translational modifications of its N-terminal PDZ-like domain act as molecular switches regulating the transcriptional activity of SATB1 via modulating its association with other proteins (7) . The PDZ-like domain is also important for DNA-and chromatin-binding ability of SATB1 through homodimerization (8) . In the C-terminal half, amino acids (aa) 346-495 harbor a Cut-like repeat (9) and hence can be referred to as the Cut domain (CD). This region is also referred as the MAR-binding domain (MD) due to its probable role in highly specific recognition of MARs (9) . Additionally, SATB1 harbors a homeodomain (HD) spanning aa 641-702 that is believed to act in concert with the MD and direct SATB1 to bind to the coreunwinding element within a MAR with high affinity (10) .
Gene profiling studies using RNA from cells overexpressing point mutants of SATB1 defective in phosphorylation or acetylation revealed that SATB1 regulates more than 10% of genes demonstrating the importance of these modifications toward the ability of SATB1 to act as a global regulator of gene expression (7) . However, only a limited number of SATB1-binding sites (SBSs) have been characterized so far, most of which were isolated based on their ability to serve as base unpairing regions (BURs) that are hallmark of MARs (1) (2) (3) . Comparison of these SBSs and various other sequences reported to be bound by SATB1 in vivo did not reveal any specific consensus element, giving rise to the notion that SATB1 binds DNA in a sequence-independent but context-dependent manner.
However, such analyses identified an ATC context that has been proposed to be involved in targeting SATB1 (1, 2) . Due to lack of consensus-binding element the precise mechanism of how SATB1 binds to MARs or non-MAR DNA sequences with high affinity and specificity remains poorly understood. Recently, locus-wide chromatin immunoprecipitation (ChIP) analysis monitoring SATB1 occupancy of the MHC locus showed specific clustering at promoters and MARs suggesting that SATB1 binds to genomic regions in a non-random fashion, and not necessarily dictated by the ATC context (4) .
In this study, we set out to understand how SATB1 binds to its target sequences specifically by characterizing its binding targets. We used the approach of systematic evolution of ligands by exponential enrichment (SELEX) (11, 12) to isolate a pool of synthetic DNA sequences that were bound with high affinity by SATB1. We found a conserved pattern of 10-12 nucleotide (nt) in all enriched sequences consisting of two inverted AT-rich (4 to 6 nts) repeats resembling the HD-binding site separated by 1-2 non-AT nts. Substitution by cytosine (C) at any position in the conserved HD-binding region 'TATTAG' abolishes the DNA-binding activity of SATB1 indicating that it is mediated primarily by the HD. The minor groove-binding agent Distamycin has been shown to abolish the binding of SATB1 to the IgH MAR, indicating that SATB1 binds via the minor groove of the DNA (13) . Dimerization mediated by the N-terminal PDZ domain is important for the binding of SATB1 (8) . However, SATB1 lacking the PDZ domain, presumably in its monomeric form, has been shown to bind DNA in vitro, albeit at lower affinity via the major groove (9, 14, 15) . Results of our in vitro binding studies in conjunction with the recently solved structure of the N-terminal Cut repeat 1 (CUTr1) (15) led us to propose that SATB1 binds to the inverted consensus palindromic repeats via HD in dimerization-dependent manner via the minor groove, whereas the Cut repeats enhance the binding via hydrogen-bonding interactions in the major groove. As a functional consequence, we demonstrate for the first time that the strength of repression mediated by SATB1 is proportional to its affinity to the target sequence. Collectively, our results provide evidence for sequence specific binding of SATB1 to target DNA and not only to the ATC context as thought before. Furthermore, we demonstrate that high-affinity DNA binding by SATB1 is dimerizationdependent and the binding specificity is mediated by its HD in collaboration with the Cut repeat containing domain (CD).
MATERIALS AND METHODS

SATB1-binding site selection
A synthetic random oligonucleotide library (DDSEL) with two fixed primer regions (5 0 DDCI and 3 0 DDCII) and a central random 32-base region was synthesized using the reported procedure (16) . The oligonucleotide library was desalted and used without any further purification. One hundred nanograms of DDSEL was radiolabeled during synthesis of double-stranded DNA using a-32 P dATP (BRIT, India) and unlabeled dGTP, dCTP and dTTP with Escherichia coli Klenow fragment (New England Biolabs, USA). The selection of bound oligonucleotides was performed after incubation with GST:CD + HD (25-100 ng) followed by EMSA as described previously (6) . Briefly binding reaction was performed in a 10-ml total volume containing 1Â EMSA buffer [10 mM HEPES (pH 7.9), 1 mM dithiothreitol, 2.5 mM MgCl 2 , 10% glycerol, 1 mg of double-stranded poly(dI-dC), 10 mg of purified bovine serum albumin] and 25-100 ng of pure GST:CD + HD. The bound oligonucleotides were gel extracted by crushing the gel piece and soaking in TE buffer for 12 h followed by phenolchloroform extraction and ethanol precipitation. The gel-extracted band was radiolabeled during amplification by PCR using DDCI and DDCII primers in the presence of a-32 P dATP. This product was used for the next round of selection following the same protocol. The flowchart of the SELEX procedure is shown in Supplementary Figure 1A . Five rounds of iterative selection were carried out by EMSA and the enriched library was cloned into pGEM-T Easy vector (Promega, USA) according to the manufacturer's instructions and transformed into chemically competent E. coli DH5a. More than 200 positive clones were sequenced from which 40 unique sequences were obtained.
Protein expression and purification
Glutathione
S-transferase (GST), GST:CD+HD (255-763 aa), GST:CD (346-495 aa), GST:HD (640-763 aa) and GST:PDZ (1-254 aa) were expressed in XL1 blue strain of E. coli (Stratagene) and purified using glutathione-Sepharose affinity columns (GE Healthcare). We also expressed and purified GST:CD+HD (346-763), GST:346-763(ÁHD)-fusion proteins, constructs for which were kindly gifted by Dr T. Kohwi Shigematsu. His-tagged PDZ was expressed in BL21 (DE3) and purified by Ni-NTA affinity resin (Qiagen). GST-fusion proteins were cleaved on column by caspase-6 essentially as described (17) .
Electrophoretic mobility shift assay (EMSA) for the determination of dissociation constant (K d ) Individual oligonucleotides were end labeled with g-32 P ATP using T4 polynucleotide kinase (New England Biolabs, USA). The forward and reverse oligonucleotides for a particular set were mixed together and the NaCl concentration was adjusted to a final concentration to 50 mM in a 50 ml reaction volume. For annealing labeled oligonucleotides, the mixtures were boiled for 10 min and allowed to cool slowly until the samples reached to room temperature. The annealed oligonucleotides were electrophoresed on 12% native polyacrylamide gels and the duplex DNAs were recovered from the excised band of interest and purified as described above. The purified duplexes were used for the EMSA with various proteins to determine the dissociation constants. The concentration (Molar) of protein required to bind 50% of the substrate DNA was considered as a dissociation constant (K d ) of the protein for a particular sequence.
Distamycin competition assay
The radiolabeled CSBS probe was incubated with 50-100 mM of distamycin A (Sigma) at room temperature for 15 min in 1Â binding buffer as described before. Proteins were added to the DNA-distamycin complex and incubated for additional 15 min. The positive control was incubated only with the purified protein. The complexes were resolved by 12% native PAGE for 70 min. Gels were dried in vacuum gel drier and exposed to the X-ray film overnight.
Southwestern blot analysis
Southwestern blotting was performed essentially as described previously, with certain modifications (8) . Briefly, 0.25, 0.5 and 1.0 mg of various purified proteins were incubated with SDS-PAGE loading buffer at 378C for 10 min. Proteins were resolved in 10-15% SDS-PAGE depending on the size of the protein used. The resolved proteins from the gels were electrophoretically transferred onto PVDF membrane (Millipore). The proteins on the membrane were renatured by incubating with a blocking and refolding buffer (20 mM Tris pH 7.4, 50 mM NaCl, 1 mM DTT, 0.1% Tween-20 and 5% BSA) for 1 h at room temperature. The membrane was washed four times with binding buffer and then hybridized with the specific probe in hybridization buffer (20 mM Tris pH 7.4, 50 mM NaCl, 1 mM DTT, 0.1% Tween-20 and 0.25% BSA; 4 mg/ml poly(dI-dC), 35 mg/ml salmon sperm DNA supplemented with either 200 ng of 32 P-end-filled IgH MAR probe/ 20 mM of 32 P-end-labeled annealed CSBS oligonucleotides) for 30 min at room temperature under gentle agitation. The membrane was subsequently washed four to five times with binding buffer and then exposed to X-ray film (Kodak Biomax) for 12-24 h.
Luciferase reporter assay
Several variants of SATB1-binding consensus sequences were annealed as described above, generating duplex oligonucleotides with staggered ends at both the ends, with XhoI overhang at 5 0 end and HindIII overhang at 3 0 end. These annealed and phosphorylated oligonucleotides were ligated into XhoI and HindIII-digested pGL3Promoter vector (Promega). Luciferase reporter assays were performed as described (6) . Briefly, HEK 293 cells were maintained in DMEM with high glucose and supplemented with 10% fetal calf serum (FCS). Cells were seeded at 0.2 Â 10 6 cells per well in a 12-well plate, 24 h before transfection. A reporter construct was transfected either with control 3X FLAG vector (Sigma) or with 3X FLAG:SATB1 construct. Total DNA used was 2 mg (1 mg of each DNA construct) in every well of a 12-well plate using Lipofectamine 2000 (Invitrogen). The transfected cells were harvested 48 h post-transfection, lyzed by freeze-thaw procedure and the protein content of the lysate was estimated using Bradford reagent (Biorad). Hundred micrograms of lysate was mixed with 100 ml of Luclite substrate (Perkin Elmer) and luciferase activity was measured using Top-Count (Packard). The experiment was performed three times independently and average relative luciferase activity with standard deviation was plotted using Sigma plot. The statistical significance of differences between the samples was calculated using one-way ANOVA (SigmaStat, SPSS Inc.) and the observed P-values were always <0.001.
Mammalian two-hybrid assay
We used the CheckMate mammalian two-hybrid system (Promega Corp. USA) to score for protein-protein interactions. Cloning gene of interest in pBIND vector expresses it as GAL4 DNA-binding domain fusion protein and cloning in pACT fusion construct expresses it as VP-16 activation domain fusion protein. pBIND and pACT fusion constructs were transfected along with a reporter vector, which contains 4Â GAL4 responsive element (pG5 luc), and luciferase activity was compared with the control. Specifically, the N-terminal 1-254-aa region of SATB1, which harbors the PDZ domain and C-terminal 255-763 aa region harboring CD+HD were subcloned in pACT and pBIND vectors (Promega) at BamHI and XbaI sites. HEK 293 cells were seeded at 0.5 Â 10 6 cells per well in a 6-well plate (BD Falcon) 24 h before transfection. Cells were transfected with pG5 Luc reporter vector (Promega) using Lipofectamine 2000 reagent (Invitrogen) along with either pBIND fusion construct and pACT empty vector in control and pBIND fusion construct with pACT fusion construct for the experimental set. The DNA was kept constant up to 3 mg (1 mg of each DNA) in every well. The transfected cells were harvested 48 h posttransfection. Harvested cells pellet was washed with PBS and resuspended in 100 ml of lysis buffer. Lysate was prepared by performing three freeze-thaw cycles. Protein in the lysate was estimated by Bradford reagent (Bio Rad). Hundred micrograms of protein was mixed with 100 ml of Luclite (Perkin Elmer) and illumination was measured in Top-Count (Packard). The reading of untransfected wells sample lysate was subtracted from every individual reading and relative luciferase readings were plotted after performing three separate sets of experiments as described above.
RESULTS
In vitro enrichment and cloning of SBSs
Since SATB1 acts as a transcription factor regulating global gene expression (7), we explored the possibility of consensus-binding element for SATB1. We employed the technique of SELEX for the enrichment of specific SBSs. We used a library of 32-mer random sequences flanked by 24-mers of 5 0 and 3 0 constant regions that has recently been used to define the DNA-binding consensus motif for HIV-1 transactivator Tat (11) . The process of selection using EMSA and amplification was carried out as indicated in Supplementary Figure S1A . Four rounds of selection and amplification resulted in enrichment of highly specific SBSs under conditions that precluded binding with GST or with GST:PARP ( Figure 1A-D) . The binding of SATB1 to these sequences is specific and strong and could not get competed by 10-fold molar excess of heptameric IgH core MAR ( Figure 1E ) and up to 6 mg of poly(dI-dC) ( Figure 1F ). These highly specific SBSs were cloned into pGEM-T Easy vector. Analysis of sequences of more than 200 positive clones yielded about 40 unique sequences after elimination of duplicate sequences (Supplementary Figure S1B) . The individual sequences were PCR amplified and radiolabeled for validation of SATB1-binding affinity using EMSA (data not shown). These sequences shared common motifs with many reported SBSs (Supplementary Figure S2) suggesting that variants of SATB1-binding targets were isolated.
The enriched SBSs possess an AT-rich core that facilitates high-affinity binding and transcription repression mediated by SATB1
We next determined the DNA-binding affinity of the cloned sequences by EMSAs (Supplementary Figure S3) . Two representative cloned sequences were picked to search for the presence of AT-rich region, since SATB1 preferably binds to AT-rich regions (10) . We found two distinct regions in the 32-mer variable region (compare first half of 16 nts with the second half in unique sequence 1 and unique sequence 2 in Figure 2A ). Strikingly, both these sequences comprised of a region rich in AT and another region containing a mixture of GCA and T but relatively more rich in GC ( Figure 2A ). Next, we separately synthesized these two sequences only as monomer of 32 nts and without the constant 5 0 and 3 0 regions. The unique sequence 1 was bound by SATB1 with much higher affinity as compared with unique sequence 2 ( Figure 2B and E). Strikingly, one half of these sequences comprising 16 nts was GC-rich whereas another half was AT-rich. A dimeric oligonucleotide of each half was then chemically synthesized. The constant 5 0 and 3 0 flanking regions were synthesized as a fusion of both sequences. All of these double-stranded oligonucleotides were radiolabeled and used in the EMSA along with wild-type (25 Â 2) and mutant IgH MAR dimers (24 Â 2) as positive and negative controls for SATB1 binding, respectively (10) . Binding to the AT-rich region is stronger ( Figure 2D and G) than the parental sequence ( Figure 2B and E). The affinities of individual parental 32-mer sequences were considered as one arbitrary unit (1Â) and affinities of dimers of the 16-mers were assigned relative to parental sequences. The GC-rich regions were not bound by SATB1 ( Figure 2C and F). SATB1 did not bind to the fixed sequences of primers flanking the variable sequence in the SELEX library ( Figure 2H ). The enhanced binding of SATB1 to dimeric AT-rich regions but not to dimeric GC-rich regions compared with the parental sequences indicates that AT-rich regions are targeted by SATB1. The enhanced binding is also indicative of co-operative binding by SATB1 to the multimeric AT-rich sites. Taken together, these results demonstrate that the ATrich region forms the core SBS in the SELEX-enriched sequences.
Consensus SATB1-binding sequence (CSBS) harbors a conserved HD-binding element that is essential for transcription regulation by SATB1
We next analyzed the AT-rich regions in 40 unique sequences obtained as described above. We aligned these sequences manually and also using the online software tool MEME (18) and found that the motif TATTAGTAATAA occurs in most of the sequences whereas few sequences harbor its variants (Supplementary Figure S2) . Many of the reported SBSs also contained similar motifs (Supplementary Figure S2) . We synthesized a dimer of TATTAGTAATAA and also of its variant sequences in which nucleotides were varied at different positions within the 12-mer consensus sequence. We then performed EMSA and determined the SATB1-binding affinity to individual sequences in terms of dissociation constant (K d ). Forty nanomoles of SATB1 was sufficient to bind various enriched sequences (Supplementary Figure S3) and therefore used for the EMSA using synthetic dimeric sequences ( Figure 3A) . Inclusion of Figure 3B ). The alignment of the core of the IgH MAR sequence with the CSBS revealed that it varies from CSBS at four places out of 12. At position 1, T is substituted by A and T by A at position 5, central (sixth) position G is replaced by C and at the last position A is replaced by T ( Figure 3B, sequence 14) . Next, we analyzed SATB1-binding affinity for a synthetic oligonucleotide containing dimer of this sequence and found it to be comparable with the affinity of the CSBS ( Figure 3A , lane 12 versus 15), indicating that these substitutions do not have much effect on the binding affinity of SATB1. The relative binding affinities of several variants of CSBS are summarized in Figure 3B . These results indicate that SATB1 binds strongly with the 12-mer CSBS or its variants and a similar sequence is also present in the IgH MAR. Strikingly, the CSBS is divided into two AT-rich regions flanking a central region (1 or 2 nt) that could be either A, C or G. The substitution of A or T residues with a single nucleotide (C) at several positions abrogated the binding affinity drastically, suggesting that SATB1 may exhibit more stringent sequence specificity for binding than the presumed ATC context. The positional mutation analysis along with analysis of the naturally in vitro selected sequences led to propose that a combination of 12-mer palindromic sequence possessing two AT-rich repeats in inverse orientation is essential and sufficient for specific binding by SATB1. The palindromic CSBS is represented in LOGO format in Figure 3C and the percentage frequencies of occurrence of nucleotides at any given position are tabulated in Supplementary Table 1 . Analysis of the consensus sequence revealed that it harbors two copies of a conserved HD-binding sequence (TAATA) ( Figure 3C ) (19) and mutational analysis in this region reduces affinity of SATB1 very significantly. To monitor the effect of positional variations on transcriptional potential of these sequences we cloned several point mutations in the 12-mer SBS as listed in Figure 3B as well as the two unique sequences (Figure 2A ) in pGL3P vector. These reporter DNAs were used to transfect 293 cells, either along with 3X FLAG vector or with 3XFLAG-SATB1 construct. Most of these sequences enhanced SV40 promoter-driven transcription except sequence 7, which acted as a silencer of the SV40 promoter-driven transcription (compare red bar for sequence 7 with that of control sequence in Figure 3D ) and SATB1 coexpression led to repression of enhancer activity of these sequences ( Figure 3D , blue bars corresponding to sequences 6, 7, 10, 11 and 14) whereas there is no effect of SATB1 on sequence 12 which displays weaker affinity to SATB1. The two SELEX-enriched unique sequences enhanced the activity of luciferase reporter driven by SV40 promoter (U1 and U2 in Figure 3D ). The stronger SATB1-binding unique sequence (U1) enhanced the luciferase activity to a relatively higher extent compared to the weaker SATB1-binding unique sequence (U2). Furthermore, overexpression of SATB1 resulted in stronger repression with the U1 (>2-fold, Figure 3D ) compared to the U2 ($1.2-fold, Figure 3D ). Thus, SBSs generally seem to possess a cis-acting enhancer function, whereas binding of SATB1 to these sequences leads to the repression of enhancer activity that is directly proportional with the binding affinity of SATB1. Taken together, these results suggest that the relative binding affinity of SATB1 to the palindromic HD consensus sequences determines its transcriptional activity.
N-terminal PDZ-containing domain mediates homodimerization of SATB1 to bind to the specific DNA as a dimer Caspase 6-mediated cleavage of SATB1 was shown to abolish the association of SATB1 with chromatin in vivo during apoptosis and SATB1 lacking N-terminal 96-204 aa region was found to lose its affinity toward MARs in vitro (8) . However, few reports also indicated that the first Cut repeat of SATB1 serves as the core DNA-binding domain and contacts DNA as a monomer (9, 14, 15) . To understand the contribution of dimerization of SATB1 toward its high affinity and specific binding to DNA we used a heterologous dimer-forming tag. The GST tag is a widely used fusion tag for affinity purification and is also reported to form a dimer (20) . Fusion with GST can restore, at least partially, the oligomerizationdependent function of a protein as shown in case of BcrAbl protein (21) . Considering this fact we proposed that the GST-fused protein would form a dimer and its GSTfree version would form a monomer. We cloned the C-terminal CD + HD region (255-763 aa) into the pC6-2 vector (22, 17) . The fusion protein was efficiently cleaved on column using caspase-6 and obtained as GST-free CD + HD. The dimeric status of GST:CD+HD and the monomeric status of GST-free CD+HD proteins were confirmed by gel filtration analysis (data not shown). We then compared the binding affinities of GST-tagged and GST-free proteins by EMSA. GST:CD+HD bound the IgH MAR heptamer ( Figure 4A , lanes 2-5 in upper panel) with K d = 2 Â 10 À9 , and the CSBS monomer ( Figure 4B , lanes 2-4) with K d = 1 Â 10 À8 indicating very high affinity binding. In contrast, the affinity of GST-free CD+HD for the IgH MAR ( Figure 4A , upper panel, lanes 7-10) and CSBS ( Figure 4B , lanes 6-8) was very low (K d > 1 Â 10 À7 ) indicating that dimerization is essential for the highaffinity binding of SATB1 to CSBS. Next, to monitor whether SATB1 forms dimer in vivo in mammalian cells and to ascertain the dimerization domain, we employed the mammalian two-hybrid system. Mammalian twohybrid system is similar to yeast two-hybrid system in principle except that the protein-protein interaction is scored as relative luciferase activity in mammalian cells. We confirmed that SATB1 exists as a homodimer in vivo, and homodimerization is mediated by its N-terminal PDZ-containing region ( Figure 4C , bar 2 versus bar 1). HDs are also known to bind DNA in a homodimeric form and the dimerization can be mediated via the same domain (23) . In case of SATB1, the C-terminal CD+HD region does not show any interaction with another molecule of the same, ruling out HD-or CD-mediated dimerization ( Figure 4C, bar 4 versus bar 3) . The possibility of hetero-domain interaction in between N-terminal PDZ domain and C-terminal CD+HD was also ruled out since there was no significant increase in the reporter activity ( Figure 4C, bar 5 versus bar 3) . Thus, dimerization mediated by the N-terminal PDZ-like domain of SATB1 is essential for its high-affinity binding to the CSBS. HD and not the CD contributes toward the dimerization-dependent, high affinity and specific binding by SATB1 Studies considering the CD as the principal DNA-binding domain of SATB1 have provided contrasting results such as (i) CD binds as a monomer to DNA (9, 14, 15) which is surprising since SATB1 is known to exist as homodimer (8, and this study), and (ii) CD shows the major groove recognition (14,15) whereas SATB1 binds predominantly through minor groove as evidenced by competition of its binding by distamycin, a narrow groove binder (13, and Figure 7B , panel 1). To resolve these ambiguities, we expressed and purified GST:CD and GST:HD and compared their binding affinities with that of GST: CD+HD using wild-type IgH MAR heptamer, mutant IgH MAR octamer, and the CSBS. We observed that GST:CD+HD ( Table 2 ) and with two CSBS probes ( Figure 5C , compare lanes 6-8 versus 2-4; Supplementary Table 2) followed similar pattern as observed with monomeric CD+HD ( Figure 5B, panel 4) . Using two variants of the CSBS which bind SATB1 with high affinity also we could not detect the binding of monomeric HD, even at relatively very high concentration of the monomeric HD protein ( Figure 5C, lanes 6-8) . However, the reduction in the affinity of GST-free CD for binding to the CSBS as compared to dimeric GST:CD is not very significant as compared to the abrupt loss in the binding of monomeric HD ( Figure 5C, compare lanes 10-12 versus 6-8) . Collectively, these results indicate that in vivo dimerizationdependent binding of SATB1 is presumably mediated via the HD and not by the CD. Next, we compared the relative binding affinities of GST:CD, GST:HD and caspase 6 cleaved monomeric HD proteins by performing Southwestern blot analysis using IgH MAR as a probe ( Figure 5D ). We found that at concentrations where GST:HD (lanes 5-7) could bind very efficiently there is no binding of either GST:CD (lanes 2-4) or monomeric HD (lanes 8-10) with IgH MAR probe. This result confirms that binding of HD is also dimerization-dependent and that the GST:CD displays very low affinity for the wild-type SBS.
Dimeric HD is the determinant for the higher affinity and specificity to CSBS variants and IgH MAR, but not the dimeric CD To monitor whether the dimerization-dependent highaffinity binding property of SATB1 is contributed by its HD or CD we compared their relative binding affinities to 10 representative variants (point mutants as listed in Figure 3B ) of the CSBS by performing in vitro EMSA using radiolabeled double-stranded oligonucleotides. The relative binding affinities of GST:HD and GST:CD to these CSBS variants are presented as dissociation constants (K d ) in Table 1 . The binding affinity of the GST:CD with most of the mutant variants of CSBS is relatively poor compared to that of the GST:HD ( Figure 6A , compare lanes 6-8 versus 2-4). However, individual mutations in CSBS bring about drastic changes in the binding exhibited by GST:HD, which correlate well with that observed with the GST:CD+HD (compare the K d s for the GST:CD+HD and GST:HD for individual sequences as indicated in Table 1 ). The affinity of GST:CD for these sequences is very low and also exhibits very little change with respect to different variants of CSBS ( Figure 6A , lanes 6-8 in all panels) indicating nonspecific level of DNA binding by CD of SATB1. Results of this binding analysis suggest that HD provides specific recognition that is similar to what is observed with the complete DNA-binding domain of SATB1 (CD+HD) at least in vitro. This result further strengthens our initial finding through SELEX enrichment that it is the HD-targeted DNA element that is preferentially bound by SATB1. The HD-binding sequence which comprises a palindromic AT-rich sequence is quite flexible and also exhibits better binding with GST:CD indicating that binding of SATB1 would be enhanced at specific sites due to presence of both CD and HD. Thus, the specific and high-affinity binding by SATB1 to CSBS and its variants is presumably mediated by the HD, and CD may play a secondary role by increasing the binding affinity further.
To directly evaluate and compare the binding affinities of the various proteins we performed Southwestern analysis using GST:346-763 (CD+HD), GST:346-763 ÁHD (lacking 641-702 aa), GST alone, GST:CD and GST:HD. We observed binding of CSBS ( Figure 6C ) and wild-type heptamer IgH MAR ( Figure 6D ) with GST:346-763 (lanes 2-5) and with GST:HD (lanes [15] [16] [17] . Strikingly, no significant binding was observed with GST:CD ( Figure 6C and D, lanes 12-14) , GST:346-763 ÁHD ( Figure 6C and D, lanes 5-7) , and GST alone ( Figure 6C and D, lanes 8-10) . Very faint signal indicating weak binding of GST:346-763 could be detected upon prolonged exposure. These results clearly confirm that dimer of HD makes specific contacts with the DNA at a concentration when there is no binding by GST:CD or GST:346-763 ÁHD. Furthermore, neither HD ( Figure 5D , lanes 8-10) nor CD (data not shown for monomer CD) exhibited binding with the probe in their monomeric (GST-free) form. Taken together, these results confirm that dimeric status of HD and not CD is essential for the specific binding of SATB1 with the DNA.
Distance between the half-sites and minor groove of the palindromic CSBS are critical for binding by SATB1
Since the HD consensus is repeated in inverse fashion in the CSBS centered on a single nucleotide, it is imperative that the two half-sites will lie on the opposite sides of the helix considering 10.3 bases per turn of the helix of B-form DNA. We reasoned that if the two half-sites lie on the opposite side of the helix then the binding may be affected by altering the distance between the two if the phasing of the sites is critical for dimerization-dependent binding >1 Â 10
The nucleotide sequences of oligonucleotides used for binding by GST:HD and GST:CD as shown in Figure 6 and the dissociation constants for binding of these sequences by the two proteins are listed. Shaded nucleotides depict mutated nucleotides at various positions of the CSBS. by SATB1. To monitor this, we designed two sets of oligonucleotides such that we introduced four additional G or C nucleotides either in the center of the two halfsites or on one side maintaining the base composition.
Interestingly, binding of SATB1 was abolished when the GC-rich sequence was introduced in the middle as compared to when the GC-rich sequence is introduced on the side ( Figure 7A , compare lanes 6-8 with 2-4). This result indicates that altering the distance between the palindromic half-sites of the consensus DNA sequence affects the binding by SATB1. This observation also implies that the dimerization-dependent binding of SATB1 is constrained by the positioning of the AT-rich half sites within the CSBS. Next, to evaluate the role of minor groove in the binding activity of SATB1, we performed EMSA in presence of distamycin A. In accordance with the earlier report that SATB1 binds to the DNA via minor groove (13), we also found that the minor groove-binding drug distamycin abolishes the DNA binding of GST:CD+HD in a dose-dependent manner ( Figure 7B, panel 1) . Distamycin also affects binding of GST:HD with CSBS in a similar fashion as observed with SATB1 ( Figure 7B , panel 2) whereas there is no effect of distamycin on binding of GST:CD ( Figure 7B, panel 3) , indicating that the minor groove binding of SATB1 is dictated solely by HD. The minor groove binding of HD in dimeric Pou (one CD) and HD-containing proteins such as Pit 1 (24, 25) and HNF1-a (26) and several other similar proteins are well documented.
DISCUSSION
Determination of the optimal recognition site for the SATB family of proteins has important implications for understanding their interaction with DNA and also toward studying the repertoire of genomic targets of SATB1. We speculated that the number of genomic targets of SATB1 could be at least as high as the number of genes it regulates at transcription level (7). Few SBSs have been characterized, however; these belong to various types of genomic sequences and are far too less in number to provide a clear consensus signature that can be used as a universal tool for fishing out the putative SATB1 targets within the genome. We report the delineation of SATB1-binding site preferences from sequence analysis of oligonucleotides selected in vitro from a pool of random sequences. The technology of random oligonucleotide selection has been used for determining the consensus-binding element for a large number of transcription factors and DNA-binding proteins including Pou, CDP, p53 and NFkB (27) (28) (29) (30) . Interestingly, the consensus sequence derived from our SELEX-enriched sequences shared homologous regions with number of SBSs suggesting that SATB1 may preferentially bind to similar sequences in vivo and may regulate transcription of associated genes. The specific DNA-binding domain has been redefined to be HD and the mode of binding to the CSBS is proposed to be similar to the HNF1 dimer complexed with DNA (26) except that the HD in SATB1 possesses higher affinity and acts as a principal recognition domain. Delineation of palindromic consensus sequence provides insights into the mechanism of DNA binding by SATB1
Contrasting information is available regarding the mode of DNA binding by SATB1. Full-length SATB1 was shown to bind DNA predominantly through the minor groove (13) , whereas its CD (previously referred as MD) was shown to bind via major groove (14, 15) . The C-terminal HD was shown to be required for providing specificity and enhanced binding to the specific sequence but the mechanism was not understood (10) . The 346-495 aa region (CD) of SATB1 harboring a Cut-like repeat was shown to make direct contact with DNA and bind as a monomer. Particularly, mutations at conserved residues Gln402 and Gly403 that make direct contact with the DNA mitigated DNA-binding activity (15) . However, in our SELEX study we could not obtain a consensus matching to any of the reported CD-binding sequences harboring the ATCGAT core (28, 31) . On the contrary, we have found the presence of conserved HD-binding sequences (C/G/ATAATA) ['TAAT' as core consensus as described in Ref. (19) ] along with a related sequence rich in AT. The consensus sequence we derived reads 'TATTAGTAATAA'. The underlined sequences highlight the inverse palindromic arrangement of consensus elements that may have important implications for the recognition and high-affinity binding of such sequences by SATB1. A single mutation in the HD consensus region (GTCATA or GTACTA) has detrimental effect toward its binding by SATB1. Furthermore, symmetric positioning of two AT-rich stretches resembling HD-binding consensus in inverse orientation separated with one or two C or G nucleotide(s) is required for the specific binding by SATB1. Thus, the consensus sequence fails to fit the ATC context that was shown to be required for specific binding by SATB1 (1, 2, 10) . Additionally, we found that the spacing between the two AT-rich half-sites is also critical. The dyad symmetry could play a vital role in protein-DNA interaction and regulation of specificity. HDs typically contact DNA by two discrete regions, an N-terminal arm lies in the minor groove and specific DNA contacts are mediated by Arg-3 and Arg-5. The third a-helix or recognition helix fits in the major groove of the recognition site, and Gln-50 and Asn-51 were shown to specifically contact DNA (26, 32, 33) . These residues are conserved in the SATB1 HD and are required for the HD-mediated increase in affinity (10) . Mutation studies indicated that the major contribution of the SATB1 HD is mediated by its N-terminal arm, most likely in the minor groove (10) . Similarly we also observed the inhibition of SATB1 and HD binding by distamycin. Interestingly, HD was also shown to recognize a short (C/ A)TAATA motif that colocalizes with the core unwinding element (10) . This motif is identical with the 3 0 half of CSBS reported here.
Role of PDZ domain-mediated dimerization in the high-affinity binding by SATB1
Based on missing nucleoside experiments it was suggested that HD and CD contact the same site simultaneously, possibly from opposite sides of the DNA helix (9) . However, this model does not incorporate the fact that SATB1 exists as a homodimer in vivo (8, and this study). It is noteworthy that crystal structure of the even-skipped (eve) HD showed that two HDs are bound by one 10-bp consensus sequence on both faces of the DNA in a tandem fashion (34) . This unusual binding mode involving simultaneous occupation of one binding site from both sides of the DNA helix could stabilize the protein-DNA complex. In the transcription factor Oct-1, the bipartite DNA-binding domain is composed of a POU-specific domain (POUs/one CD) and a POU-homeodomain (POUhd) connected by a flexible linker. Solution structure revealed that the left half of the optimal POU-binding site, the octamer ATGCAAAT, is recognized by POUs and the right half by POUhd (35) . Interestingly, another POUhd protein LFB1/HNF1 binds as a homodimer to an inverted palindromic consensus-binding element (36) . HNF1-a crystal structure indicates that a monomer can occupy more than half site of the DNA when bound to a 21-bp oligonucleotide sequence harboring 13 bp palindrome sequence (26) . In light of the findings that SATB1 is a homodimer and that its binding consensus is an inverted palindrome, we propose that the PDZ-like dimerization domain bridges DNA-binding regions of two SATB1 monomeric subunits such that they bind in an antiparallel fashion to the inverse palindromic consensus-binding element (Figure 8 ). In this model, all three domains have unique contributions toward the high-affinity DNA binding by SATB1. The CD binds DNA through major groove without much specificity and with low affinity whereas the HD binds target DNA specifically through the minor groove and with high affinity. The affinity is increased many folds when both domains are held together in dimeric form by the PDZ domains (or GST). Thus, the dimer of SATB1 may form a clamp-like structure that wraps around the helix via occupying both major and minor grooves (Figure 8 ). This mode of binding is similar to that of LFB1/HNF1, wherein the DNAindependent dimerization domain is required to increase the DNA-binding affinity, but does not influence the dimer geometry (36) . It is not surprising therefore, that the replacement of SATB1's N-terminal PDZ with any other dimerization imparting polypeptide including GST can restore DNA binding to the wild-type levels. Thus, the functional MD of SATB1 is constituted by the CD and HD together and not by the CD alone. The CD may principally occupy the major groove whereas the N-terminal arm of the HD may occupy the minor groove. The recognition helix of the HD may also occupy the major groove but without any significant contribution toward binding, since mutation in the third helix of HD does not affect DNA binding of SATB1 significantly (10) . This is yet another unique mode of DNA binding that may provide exceptional stability to the complex, and may therefore explain the remarkable increase in binding specificity and affinity with dimeric CD+HD.
Homodimerization of HDs is known to be essential for the DNA binding in several other proteins (23) but in our mammalian two-hybrid study we did not observe any such interaction between C-terminal HD or CD. We observed a very strong interaction mediated via only the N-terminal PDZ-containing domain. Thus, this property of HD in SATB1 is different than the known dimerization of other HDs. Therefore the final proposed model is quite similar with the structure of the dimeric HNF1-a where dimerization domain resides independently and one monomer of the dimer occupies one face of DNA and the other monomer occupies the other side. Additionally, one monomer occupies more than half of the palindrome sequence (26) that could be also true for SATB1 since the distance between the half-sites of CSBS is critical for binding.
Transcription repression by SATB1 is dependent on its affinity toward the binding site SATB1 is known to act as a repressor at promoters of IL-2 and its receptor (6), and MMTV LTR (37) . The AT-rich IgH MAR has been shown to enhance the SV40 promoter in the integrated luciferase system and SATB1 represses this enhancing activity (38) . Transcriptional repression by SATB1 occurs via recruitment of HDAC, Sin3A and ACF/ISWI nucleosome remodeling and mobilization complexes to the site of its binding (5, 6) . SATB1 is also known to act as an activator at the CD8 SBS region (39) and at many genes including b-globin (40), c-Myc (2) and T H 2 cytokine genes (3). The major breakpoint region of BCL2 harboring an SBS also activates transcription of BCL2 (41) . At any given regulatory sequence, the ability of SATB1 to act as an activator or repressor is governed by a phosphorylation-dependent molecular switch that operates in response to physiological signals (7). However, how SATB1 acts in these two contrasting modes at different genomic sites at the same time is not understood. Analysis of transcriptional activity mediated by the constructs harboring the CSBS and its derivatives revealed their activation potential. Most of these sequences were able to mediate enhanced expression of SV40 promoterderived expression of luciferase gene. The repression of these by SATB1 was proportional with its in vitro binding affinities to these sequences. This is a unique mode of transcriptional regulation by a factor whose potential as a repressor is dependent on its affinity for the target sequence. Our data clearly argues that there is close relationship between the affinity of SATB1 with its recognition elements and its ability to activate or repress transcription at these sites, thus providing a foundation for understanding the transcriptional signals embedded in the regulatory regions. The precise mechanism of such affinity-based regulation requires further investigation.
Role of HD in regulation of the DNA-binding activity of the full-length SATB1
For a multi-DNA-binding domain containing protein such as SATB1, it is important to find out which domain actually contributes toward DNA-binding activity in vivo. It would be difficult to assign function to a domain based on its DNA-binding sequences in vitro if considered individually. It is plausible that both domains are required for high affinity and specific binding in vivo. Furthermore, binding specificity and affinity could be enhanced by the oligomeric status of the protein. Technically it is difficult to identify and isolate all possible variants of specific binding sites from the complex and heterogeneous chromatin. We therefore exploited the potential of SELEX technique for not only to delineate the specific SATB1-binding consensus sequences, but also to narrow down the region of the protein involved in specific DNA recognition and also to gain insights into the mode of binding. Our study demonstrates that the N-terminal dimerization domain of SATB1 is essential for specific recognition of the DNA substrates, albeit indirectly. Recently, the crystal structure of modified CD has been reported where the interaction between SATB1-CUTr1 and MAR DNA is mediated via a single pair of direct hydrogen bonds, which is atypical of DNA recognition from the major groove side (15) . Binding of CD with (A) The consensus DNA sequence was created using the 'B' software (http://www.scripps.edu/mb/case/Biomer/). A pdb file was created from the sequence and rendered in wireframe model assuming B-form of DNA, and then the structure was minimized. This was imported in Photoshop CS2 (Adobe) and labeled with alphabets representing the nucleotides. (B) Three-dimensional representation of SATB1-CSBS complex. The B form of CSBS DNA as obtained using the 'B' software was imported to Photoshop CS2 (Adobe) and the cartoon of SATB1-DNA complex was created by adding the colored blobs representing each of the domains of SATB1. The figure represents that one monomer of the dimer occupies one face of DNA and the other monomer occupies the other side where HD recognizes the minor groove whereas CD recognizes major groove and the N-terminal PDZ provides the dimerization function by bridging two monomers together; however, the PDZ domain does not contact with the DNA. Transparent blobs are on the face of the helix away from the reader. For details see text. The sizes and shapes of the blobs depicting the three domains of SATB1 are strictly for schematic presentation purpose only.
DNA is very weak and therefore in this study four basic residues were incorporated at the C-terminal to induce DNA interaction. Moreover, it was proposed that the binding by CD with the DNA is poor presumably to enable post-translational modification-mediated regulation by affecting the dimerization status (15) . However, it should be noted that the affinity of other human Cut repeats to their cognate binding sites is reported to be very high [K d < 10 À9 , Ref. (28)], and that of SATB1 Cutr1 or CD alone is very poor (K d > 10 À7 ). It is surprising to observe that negatively charged dimeric HD (aa 640-763, pI = 4.81) can bind with very high affinity as compared to the positively charged dimeric CD (aa 346-495, pI = 9.16) at physiological pH, which indicates immense specificity of HD toward the specific target sequence and may therefore serve as the principal determinant for the high-affinity binding by SATB1 to its specific genomic targets. The HD region defined and used in an earlier investigation (10) spans residues 640-702, whereas we have used HD with an extended C-terminal region to match the size of CD (residues 640-763). The C-terminal extension (CTD) by itself does not bind DNA (data not shown) and therefore presumably may act by stabilizing the structure of HD.
It is known that SATB1 binds to the minor groove of the DNA since the minor groove-binder distamycin inhibits the DNA-binding activity of SATB1 (13; this study). Similar pattern of distamycin-mediated inhibition of DNA binding is observed with HD ( Figure 7B , panel 2). Distamycin-mediated inhibition of binding to the minor groove of DNA has already been shown for the antennapedia HD (42) and the HD of SATB1 behaves in similar fashion. It has also been recently shown that the monomer CD binds to the DNA via major groove (14) . Moreover, since distamycin does not affect binding of CD with DNA, it can be concluded that CD does not make contact via minor groove. The binding by HD of several other cut repeat containing HD proteins have been shown to be mediated via minor as well as major groove HNF1-a (26) . Residues R3 and R5 at the N-terminal loop region are conserved and protrude into the minor groove whereas helix 3 makes contact in the major groove where a glutamine residue is very important. Mutation of R3 and R5 have been shown to reduce SATB1 binding by 5-fold whereas mutation in the third helix region reduces DNA binding by just 2-fold, indicating major contribution by the minor groovebinding region and very little contribution of helix 3 of the SATB1 HD (13) . Most of the one CD containing POUhd proteins have been shown to have little or half contribution of HD toward the DNA binding (43, 44) , which does not seem to be true for SATB1 where HD seems to contribute major role in contacting DNA for specific DNA-protein interaction. Therefore, we now provide sufficient evidence to conclude that the ability of SATB1 to bind via the minor groove is contributed by HD and not by the CD. Collectively, our findings establish a distinct and specific role of the HD in defining the binding specificity of SATB1 and provide novel insights into the mode of target recognition and binding by SATB1 for regulation of transcription.
